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Abstract
Nagarajan, Meenakshi. M.S.I.H.E., Department of Biomedical, Industrial and Human
Factors Engineering, Wright State University, 2018. Augmenting Incident Command
System for Improved Emergency Response.

Incident Command System provides a framework for commanders to manage an incident.
However, maintaining good situation awareness in an emergency situation is often
challenging to the Incident Commander. Stress may result in task fixation which may cause
the commander to miss critical information and can eventually lead to poor decisions. The
proposed augmented decision support system, with an integrated knowledge base, enhances
the commander’s decision making and situation awareness by presenting the information
that may have been missed. The system has been evaluated to investigate its utility in
chemical hazard scenarios. The system was used by experienced Incident Commanders to
perform a risk analysis on a hypothetical situation. Results indicate that the information
presented by the decision support system significantly improved commander’s decision
making. The tool can be applied to other domains that face challenges in making effective
decisions, particularly in time-critical environments such as clinical decision making.
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1
1.1

INTRODUCTION

Incident Command System
The frequency of occurrence of several types of disasters and the impact they have on

human lives and property emphasize the need for an effective emergency management
system.

Incident Command System (ICS) is a standard framework developed for

first-responders for effective incident management (FEMA, 2008). Figure 1 shows the
overall structure of ICS. The person responsible for command and control operations
during a disaster situation is the incident commander. For a large and complicated incident,
the structure expands into multiple section officers, each being responsible for managing
different operations on the incident ground.
Incident Commander (IC) of an emergency event should be decisive and a quick thinker.
The ICS can expand or contract depending upon the needs of an incident, and the process
is based on three priorities, namely life safety, property conservation, and incident stability.
The commander must be able to understand the situation needs and delegate authority for
certain on-scene activities to other first-responders for efficient incident response. Some of
the ICS concepts include standard terminology, unified command structure, consolidated
incident action plan, manageable span of control, etc. Unified command structure allows
multiple agencies involved in the mitigation activities on an incident to establish a common
set of objectives and strategies.

1

Figure 1: Incident Command System
1.2

Span of control
An efficient emergency response demands intuitive decisions on time (Lindell, 2000;

Yoon et al., 2008; Ongenae et al., 2013). Presented with an overwhelming amount of
information on the incident ground, the incident commander may experience a higher level
of stress and increased mental workload (Kohlhammer and Zeltzer, 2004). Gasaway (2013)
states that the human brain has a limited amount of short-term memory to capture and process
information. When the amount of data exceeds this quantity, the human tends to make slower
decisions. To reduce the workload and enhance the decision making, ICS introduced span
of control. A manageable span of control means that the incident commander on-scene can
directly manage only between three to five individuals or resources. It was developed to
limit the responsibility of ICS in overall incident management.

2

1.3

Span of knowledge
Limiting the span of control limits the span of knowledge. When the complexity of

an incident increases, the incident command system expands in size. Every official in the
structure will have three to five individuals who directly report to them. Every time the span
of control extends, an additional layer is introduced between the individuals and the incident
commander. The separation can lead to poor communication with the incident commander
during a time-compressed situation and may result in the transfer of incomplete information.
Deciding out of insufficient information may result in errors in decision-making.
Decision support systems have been proposed to improve human decision making
in a variety of tasks. The systems incorporate vital information to guide the decision
makers achieving their goal. Currently, the first-responders make decisions based on prior
experience and the knowledge acquired through training. King (2009) states that poor
designs may lead to ineffective systems. This study focuses on the analysis of the effect
of information presentation in making critical decisions in a disaster incident. Other
challenges include processing information from various sources, combining them relevant
to the present context and delivering it understandably to the decision maker in an aim to
improve the time taken to make decisions and to minimize the errors in decisions. This
study focuses on chemical hazards and the problem of chemical identification on the scene.
1.4

Hazmat strategy
Hazardous material (Hazmat) incidents are different from other emergency operations.

Here, a more methodical approach is employed rather than a fast action. There are a set
of standards for the training of people who are responsible for responding to emergency
situations. An individual must be trained and mentally prepared to respond to an emergency
safely.

3

The initial phases of a Hazmat incident are arriving at scene upwind, uphill or upstream
followed by establishing the Incident Command System (ICS) (Lin and Biswas, 1991). The
crucial phase of chemical hazards is the material identification. Several identifiers on the
incident ground help to discover the material involved in the incident. Post the product
identification; the incident commander implements the protective actions associated with
the substance. This study focuses on the chemical identification and initial assessment of
the hazard location.
The first responder should also be aware of current weather and wind speed and
direction (Brown et al., 2014). The dispatcher provides the incident commander with the
current weather information along with their forecast. While setting up the command
post, the commander is expected to be aware of wind shifts. Therefore, wind and weather
information is critical to the responders at any time during the emergency response.
While approaching the scene, the commander must slow down and approach cautiously
from an uphill and upwind direction and should be alert for any visible signs such as fire,
vapor clouds, smoke. Odors, the explosion of sound, nature of the site, the shape of the
containers involved, marking on the containers, DOT placards, shipping papers also helps
in the material identification besides other visual clues.
Among these clues, shipping papers called Material Safety Data Sheets (MSDS) are
one of the essential clues to identify a material. They are helpful in chemical identification
and presenting their associated hazards. MSDS are successful only when the responder can
comprehend the information presented and be aware of the future actions to be implemented
to minimize the exposure and adverse effects of the material (Department of Labor, 2018).
Securing the area is another important task of the first responders. It may not be
immediately apparent to the commander to learn about the incident ground and the area to
be secured. Thus, the knowledge of immediate points of interest surrounding the incident
4

scene is vital to the incident commander. Also, the commander must regularly monitor the
surroundings concerning wind directions. They also work on the relocation of inhabitants
of that locality to a shelter.
On top of all these, the responder should protect himself. The commanders are not
supposed to enter a scene without an appropriate Personal Protective Equipment (PPE)
(Department of Transportation, 2016). Several chemicals call for specialized protective
clothing. Therefore, it is crucial to identify the chemical and its associated hazards during
the initial scene size-up before making any decisions regarding entering the contaminated
scene and saving the victims.
1.5

Material Safety Data Sheet (MSDS)
Chemical manufacturers are required to obtain an SDS, formerly called as MSDS, for

the materials they manufacture. The role of SDS in a chemical hazard is to provide detailed
information on each hazardous chemical along with information on associated dangers
and recommended mitigation actions. The information in the safety data sheets should be
written in English.
According to the Hazard Communication Standard (HCS), an SDS includes information
on properties of a chemical, health and environmental hazards, protective measures, and
safety precautions for handling, storing, and transporting the chemical in 16 different
sections (Department of Labor, 2012a). Sometimes additional information may be included
in the document by the preparer. Therefore, it is essential to derive a standard terminology
for an SDS.
The HCS guides people who handle hazardous chemicals to understand and become
familiar with the contents of an SDS (OSHA, 2012). According to the HCS, section 1
through 8 of an SDS contains information on the product identification and its associated
hazards, first aid measures, accident release measures and storage information. This
5

information should be helpful to the firefighters, who need to get quick access to information.
Section 9 through 11 contain information on physical and chemical properties, stability
and reactivity information, toxicological information, ecological information. Safety Data
Sheet also contains section 12 through 15 which gives information on transportation of
chemical, disposal considerations and other information. Additional information like the
date the document was prepared and the date it was last updated are available in section 16
(Department of Labor, 2012a,b). Knowing what information is available and knowing how
to interpret this information is a valuable tool for the responders’ protection.
Although the presentation of information in an SDS follows an order; during a time
and safety critical scenario, presenting the data in an easy to read manner and providing
only the relevant information could better assist the individual in learning the MSDS and
make it easier to do their job. Another problem with MSDS is they are written in a technical
language which may cause people with a non-technical background to experience difficulties
reading an MSDS (Geyer et al., 1999). An example MSDS is provided in Appendix III
1.6

Time-critical decision making
Disaster scenarios are often time and safety critical. A right decision at the right time

could save many human lives and property. Access to information is essential to come up
with a correct decision. The literature states that the quality of decisions made by people
degrades with an increase in the information quantity and time constraints (Buchanan and
Kock, 2001; Hahn et al., 1992). Processing large amounts of information in a limited time
can result in time delays and errors (Horvitz and Barry, 2013).
During a time-critical, high pressure decision-making situation, an individual might
feel that situation is complicated and overwhelmed with incomplete information which
leads to poor decision outcomes (Hockey, 1986; Baumann et al., 2001; Cohen, 2008).
According to Gasaway (2013), time and stress cause the difference in the ability to
6

comprehend the available information to make decisions. Under normal conditions, an
individual will be able to gather and interpret complex information. As the stress level
increases, it becomes difficult to comprehend intricate details.
There are a couple of differences between time-critical and non-time critical
decision-making process in terms of decision-making performance (Baumann et al., 2001;
Endsley, 1995; Zakay, 1993; Gal, 1991). They are,

1. The effort spent in identifying and evaluating alternatives is minimal
2. Rejecting an alternative decision based on information that is usually would not have
been considered important
3. Disregarding or denying key information
4. The number of mistakes may rise even while dealing with a simple situation

A methodical process can help in making correct decisions. It is natural that under time
critical and stressful conditions, it is hard to follow the process; therefore, as time criticality
increases, the quality of the decisions decreases (Cohen, 2008).
1.7

Information overload
During a disaster response scenario, the first responders are overwhelmed with

information from diverse sources (Kohlhammer and Zeltzer, 2004). Information overload
may hamper quick decisions (Stanley, 2003) and reduce decision quality (Abdel-Khalik,
1973; Chewning and Harrell, 1990). A human brain has a limited amount of working
memory (Baddeley, 2003). Since the first-responders need to process a massive amount of
information at the incident scene, it becomes hard for them to comprehend everything that
is happening around (Gasaway, 2013). In a situation where people suffer from information
7

overload, the presented information needs to be relevant to the task being carried out and
tuned to the background knowledge of the user (Fischer, 2012).
1.8

Reasoning
The process of analogical reasoning includes the following procedures (Sternberg,

1977): encoding, determine the relationship between problems, identifying the similarity
between new and old items, executing the decision, and indicating the outcome of the
reasoning process. Azuma et al. (2006), states that reaction time and error rates increase
for more complex encodings, and the process of encoding takes approximately 45% of
overall reasoning time. Therefore, the presentation of information should focus on the
faster interpretation of data and thereby facilitate quicker decision-making.

8

2
2.1

BACKGROUND

Decision support system in disaster management
Decision support system (DSS) is a software-based system designed to meet the

information needs of the first responder and help them make decisions. A DSS helps reduce
the stress of individuals responding to a disaster by effectively managing the information
flow and enhancing the responders’ cognitive process (Wallace and De Balogh, 1985).
Wallace and De Balogh (1985) illustrated the use of a DSS with two examples: a DSS
for earthquake mitigation policy analysis capable of assessing the impact of an earthquake on
buildings and a DSS for toxic spill management that helps the managers configuring response
teams regarding staffing, vehicles, equipment, and protective clothing. The information on
chemicals, their location, and other requirements are stored in a database and retrieved
based on the user input about the type, size, and location of the spill. They concluded that a
DSS is potential for the first responders is preparedness and planning to protect themselves
and the community as well.
Mendonca et al. (2001) suggests that emergency response organizations need to be
flexible to meet unanticipated situations. They conclude that this flexibility can be provided
by computer-based systems whose design should be informed by an understanding of
responders’ cognitive process while dealing with unexpected contingencies. Thus, the
combination of advanced information and communication technologies and knowledge of
cognitive processes could help in building intelligent decision support systems.

9

Thompson et al. (2006) discussed possible solutions to improve disaster response
efforts with a DSS. The author identified the inability of the emergency managers to
share information with individuals or other organizations. Timely data is essential for the
DSS to make high-quality recommendations. Incompatible information systems between
organizations was a major contributor to the problem. To address this difficulty they
developed data standards to make use of meta-data and thereby link the disparate information
efficiently.
Fiedrich and Burghardt (2007) believed that application of agent-based systems for
large-scale disasters enable the emergency response organizations to make timely and
enhanced decision making. According to them, an agent-based system to model human and
system behavior during disaster events could be used to understand the dynamics of disaster
events and could be used for training programs.
Mendonca (2007) analyzed the World Trade Center attack in 2001 and concluded that
new decision models must be developed to accommodate flexibility and creativity to meet
the complex, unprecedented situations that arise out of disaster response.
Zografos and Androutsopoulos (2008) proposed an integrated DSS for mitigating
chemical transportation risks. The DSS was developed to support the decision makers
in determining the optimum routes for hazardous material transport and identification of
first-response mobile units close to the transport routes. The system consists of a database
which stores both static and dynamic data integrated with a GIS-based Human Machine
Interface. The prototype proposed there is a desktop application.
While the literature emphasizes the importance of a DSS in emergency response
situations, there are several efforts associated with developing an efficient DSS with fast
response time and displaying relevant information. According to Chen et al. (2007), a
DSS should support reprioritization, reallocation and reversal of prior decisions to balance
10

response time and information quality. Further, the decision making must be sensitive to
the environment and provide the users with appropriate information to resolve the emerging
conflicts and make optimal solutions. Louise (2007) found from the after-action reports of
Hurricane Katrina that the failure was due to the cognition of the risk posed by the storm.
Without recognizing the severity of the threat, the decision makers failed to communicate
the urgency of the danger. These statements demand a system that is dynamic and improves
the situational awareness of the emergency decision makers.
2.2

Situational awareness in disaster management
According to Public Safety and Homeland Security Situational Awareness, identifying

and gathering information relevant to the response measures is a time-consuming task.
The decision maker requires data to make better decisions. The effort they take to collect
information and the requirement to decide promptly puts the decision maker under stress
and pressure (Smith, 2017).
To make quality decisions in a situation where time is limited, it was recommended
to use geographic information system (GIS) technology. GIS is a technology to provide
the safety personnel with required information in the context of a map. The data acquired
is presented geographically, so the user can quickly comprehend the information (ESRI,
2008).
FEMA has developed a geo-spatial viewer called SAVER2 to display integrated data
from multiple data sources. This system is a two-way information sharing system that shows
real-time disaster-related data to enhance the situation awareness of the command officers
(FEMA, 1969).
Recent researchers use social media to monitor the current information and to improve
situational awareness. Lindsay (2010), states that social media could be used to alert
the emergency managers of certain severe situations by monitoring the information flow
11

from various sources and thereby improving the situational awareness. Yin et al. (2012)
described a system that extracts information from Twitter feeds and employs natural language
processing and data mining techniques to improve the situational awareness during disaster
management. Rogstadius et al. (2013) introduced a system called CrisisTracker to extract
relevant data from Twitter feeds and present them in the form of narratives. The literature
states that real-time information is helpful in improving the situational awareness of the
command officer and the data from multiple sources requires a meaningful integration.
2.3

Information presentation
Information is the key to make decisions by evaluating alternatives. Such data are

widely available on the scene from various sources. The challenge is to make meaning
out of the available data. In a large-scale disaster, the complexity of information is high,
and feedback loops are vital (Carver and Turoff, 2007). Tools to analyze and visualize
knowledge are becoming essential in disaster management (Oosterom et al., 2005).
Tools that are developed to support the emergency managers in decision making during
disaster response are often performance oriented. Although the functions of these systems
are computer dependent, a proper design of human-computer interfaces ensures the success
of such tools. Also, the interface should enable human and machine conversation to make
the user aware of what is happening in the system (Carver and Turoff, 2007). Emergency
responders often experience information overload. Encumbering them with complicated and
incomplete information makes it hard for the decision makers to extract relevant information
quickly (Keim et al., 2008).
Kohlhammer and Zeltzer (2003) designed a decision-centered visualization system to
provide emergency managers with necessary information and eliminate the irrelevant data.
They developed the system in an aim to achieve situational awareness in a time-compressed
situation quickly.
12

Doweling et al. (2009) proposed a visual emergency management system called Soknos.
The system integrates information from heterogeneous sources and presents it in an intuitive
and accessible manner. Fischer (2012) provided a framework for designing context-aware
systems to provide the right information at the right time and thus helps humans to become
more knowledgeable and more creative during disaster response.
2.4

Role of ontology
Emergency situations are often dynamic and highly uncertain. Information obtained

from such circumstances are often incomplete. The responders cannot spend a significant
amount of time to perform the process of reasoning on such data, especially during a time
compressed situation. However, the more they spend time on comprehending the situational
data, the more efficient their decisions will be.
Domain ontologies can be integrated with the system as a data source supports the
commanders to make effective decisions (Abburu and Golla, 2017; Zhong et al., 2017).
Ontologies or rules are knowledge-bases that can be used to model complex data in the form
of subject-predicate-object expressions called as triples. They form a semantic association
between the data that the commander receives from various sources and combine it to make
a meaningful interpretation.
Ontologies can be considered as a database with knowledge. An ontology consists of
several concepts related to the domain, the properties of the concepts and rules describing
how they are associated with each other. The success of an ontology depends on the concept
definition. Ontologies built using a domain’s concepts are called domain ontologies.
This project is centered on the emergency response domain, and it attempts to apply
an ontology-based decision support system to improve decision-making during emergency
response and the system architecture is shown in Figure 2. Ontology Design Patterns
provides context for the data available in the domain database shown in the figure such as
13

Figure 2: Knowledge Architecture
National Response Center, MSDS Xchange, etc. and states logical axioms that can be used
by software called reasoner to infer new information from the existing data and present it
on the user interface.
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3

RESEARCH OBJECTIVES

The goal of the research is to identify how a mobile-based ontology supported decision
support system with a user interface providing the right information at the right time can
help the emergency responders improve their decision making. The research questions
developed for this study are:
Table 1: Research questions and related hypothesis

1

2

Can a domain ontology based
decision support system enhance
human-decision making?

H0: No significant difference between
the users’ decision accuracy with the
decision support system and without
the use of decision support system

Relationships between information
obtained during an incident can help
in identifying the risks involved in an
incident

HA: Users with the decision support
system achieve an improved decision
accuracy over the users without the
decision support system

Can a tablet-based interactive interface
to display the on-scene information
improve the response time while
making decisions?

H0: No significant difference between
the users’ response time to formulate a
decision with the decision support and
without the decision support system

The information is displayed in a
tablet interface. The layout affects the
response time in decision making

HA: Information presented on a tablet
supports the users to perform faster in
formulating a decision over the users
without the decision support system
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4

METHODOLOGY

The system implemented in this project relies on two components 1) the domain
ontology to model the fundamental concepts and relationships between different entities
of a chemical hazard situation 2) a knowledge base which stores the data extracted from
Material Safety Data Sheet, which describes hazardous materials. The ontology was
then integrated with a tablet based user interface to present the information available in the
knowledge base in a more understandable manner. The domain concepts and their attributes
were developed with the help of domain experts.
4.1

Empirical Research
An empirical study was conducted with a group of incident commanders to record

their response to chemical disaster scenarios. The user interface design involved an iterative
design process with the Subject Matter Experts (SME). The iteration process followed the
Homeland Security Exercise and Evaluation Program (HSEEP). HSEEP consists of three
steps, namely: Workshop, Table Top, and Drill (Homeland Security, 2013). The objective
of this exercise is to improve the preparedness of the emergency responders.
4.1.1

Workshop

This phase of the project involved a discussion with the SMEs about the plan to build
a tool that could exploit the semantic relationships in reports to advise of the occurrences
on the incident ground that may have been missed by the incident commander due to time
pressure. Scenarios were explained to the subject matter experts, and the important decision
points of the first responder in the incident management were collected. Figure 3a shows
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(a) Workshop

(b) Tabletop

Figure 3: a) Workshop Exercise b)Tabletop Exercise
the participants in workshop exercise.
4.1.2

Tabletop

Tabletop is an exercise which involves key personnel discussing simulated chemical
hazard scenarios. The questions asked to the participants centered around the research
questions. We recorded the responses to the questions, and they served as inputs to the
development of the prototype. Major User Interface (UI) elements and the data to construct
the knowledge base were derived from the response of the SMEs during the tabletop
interview. Figure 3b shows the commanders participating in tabletop exercise.
4.1.3

Drill

As a part of the Drill, an accident scenario involving chemicals was simulated with three
emergency responders, and initial actions of the SMEs towards the emergency preparedness
were recorded. The scene depicted an actual or assumed real-time emergency. The prototype
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built on a 7.0” tablet was evaluated at this phase of the project. After the evaluation, the
responders were given a questionnaire to record their feedback. Figure 4 shows the simulated
disaster scenario for the drill exercise. Key results obtained from the drill were:
• Augmented system can play a vital role in on-scene decision making of the
commanders.
• Real-time data are important to make decisions
• In a time-critical scenario, the first responders experience a high level of uncertainty
and stress
• The clues that the responders use to identify the chemical are:

Occupancy

and location, senses/symptoms, shipping papers, placards, container shape,
markings/colors. They were later used in this project to construct the ontology
design patterns.

Figure 4: Drill - Simulated Disaster Scenario
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4.2

Ontology Design Pattern
The Decision support system was integrated with a knowledge base in the background

rather than a regular database. The key difference between a database and the knowledge
base is that the latter can evaluate information more like a human with the help of its
reasoner whereas the former is devoid of the feature called reasoner. Thus, a knowledge
base could be considered as a database with extended features. Since the project evaluates
the efficiency of the knowledge base in the Incident Command System (ICS) domain,
the information to the knowledge base ingested from PDF forms such as Material Safety
Data Sheet (MSDS) and other data sources that are currently in use by the ICS personnel.
The concepts in the ontology are well-defined from the data collected through interviews
with subject matter experts. The knowledge base was implemented as an RDF (Resource
Description Framework) triple store with an associated SPARQL (Simple Protocol and
RDF Query Language) endpoint through which the data in the triple store can be queried
and updated. Apache Fuseki was used to serve the data. When the triple store is queried
with some input data, the reasoner considers the input and applies existing rules in the
ontology to infer new information when possible. For example, one of the rules in the ICS
ontology states that if a person is exhibiting some symptoms, then that person must have
been exposed to a hazard. Assume, that the triple store receives information that a person
exhibits severe pulmonary edema. The reasoner can now infer that the person must have
been exposed some hazard in the disaster environment that can cause pulmonary edema.
The DSS displays the name of the hazard in the hazard section and its associated symptoms
in a way that can be easily understood by the user.
As this project requires a risk analysis to be done for the ICS personnel to make critical
decisions on the scene, the ontology comprised entities that allow the decision maker to
capture information related to symptoms that result because of exposure to a hazard and
their associated treatment. Figure 5 represents the ontology design pattern used in this
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Figure 5: ICS Domain Ontology Design Pattern
project which is built on the existing one (Cheatham et al., 2015) to describe a hazardous
situation.
4.2.1

Mobile-Based Ontology Supported (MBOS) DSS

The interface was developed based on the inputs gathered from the workshop and
Tabletop exercises. The interface displayed the information that would support the incident
commander to make critical on-scene decisions. Participants could get information on the
aerial view of the incident scene through Google Maps. The tool consists of real-time
information about the scene, and the respective data is divided into five sections: Hazards,
Victims, Bystanders, Responders, and the Symptoms, and this information could be used
to investigate the scene. The user interface also includes the location of agencies such as
hospitals and schools, current traffic and weather information to better satisfy the information
needs of the incident commander. Figure 6 shows the user interface of the MBOS decision
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Figure 6: User Interface of Mobile-Based Ontology Supported (MBOS) DSS
support system.
4.3

Experimental Design
The study was conducted with the Incident Commanders (IC) to test the effects of

Hazard documentation (MSDS) (a copy of the document is provided in Appendix III) and the
Mobile-Based Ontology Supported (MBOS) Decision Support System on the commander’s
decision quality and response time. The system was built on an 800 x 1280 pixels android
tablet with a capacitive touchscreen. The use of MBOS DSS that displays the on-scene
information to support the incident commanders in decision making is the independent
variable. The dependent variables comprised the time taken to formulate a decision and
decision accuracy. In addition to those measures, the usability of the tool was measured
using the standard SUS scale, and the cognitive workload they experienced using the system
was measured using the standard NASA-TLX scale.
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Figure 7: Evaluation without MBOS DSS

Figure 8: Evaluation with MBOS DSS
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4.3.1

Participants

Sixteen fire fighters were recruited through internal emails from the Fairborn Fire
department and they had a mean work experience of 17 years and the range of experience
is 22. Figure 7 and Figure 8 shows the evaluation of participants without and with MBOS
DSS respectively.
4.3.2

Statistical design

The study comprised a two-sample t-test that measures experimental design
incorporating two levels of user interface (with and without the DSS) as independent
variables. The dependent variables comprised the decision accuracy and response time.
The evaluation of the tool was done on two different simulated chemical-disaster scenarios
within the recruited participants. Detailed statistical analysis is available in Appendix VI.
4.3.3

Simulated chemical-hazard scenarios

The participants were presented with two written scenario descriptions involving
chemicals. Each of the two scenario descriptions required the participants to review
the scenario and answer the questions related to their on-scene decision making. The
presentation order of scenarios and the use of DSS were randomized. The response to each
question was scored from one to five based on the degree of closeness to the expected value,
with a score of one assigned to the lowest ranked response, and a score of five assigned to
the highest ranked response. The mean score was then calculated based on the individual
question score. The scenario description is given in Appendix I.
4.3.4

Procedure

Participants were given a brief walk-through of the DSS application. Each participant
encountered both the disaster scenarios, where one scenario was done using the DSS and
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Figure 9: Experimental Setup
another one was done without the DSS. The order in which the disaster scenario and DSS
were given to the user was randomized. Participants were then invited to review the scenario
descriptions, after which they were requested to complete the questionnaire about it. The
sample questionnaire is given in Appendix II. They were asked to use the information
presented in the DSS or the MSDS to provide an appropriate response to the questions that
was asked. The time taken to respond to the questions were recorded using a stopwatch
which was then used to evaluate the decision time. Figure 9 shows the experimental setup.
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5
5.1

RESULTS

Decision accuracy
All the decision scores were obtained on a scale of 0 to 10 to obtain wider range

of responses and they were converted to standard scores on a scale of 1 to 5, based on
the degree of closeness to the expected value, to aid interpretation. The scores were then
analyzed using a paired t-test. The accuracy obtained from the users with the use of DSS was
significantly different from the accuracy obtained from the users who did not use the DSS,
confirming the hypothesis. (F(1,30) =10.7329, p=0.0027, ⌘2p = 0.2635). The mean decision
accuracy score for with and without DSS are given in the Appendix VI. The results indicate
that the tool could significantly reduce the errors made by commanders while making the
decisions on-scene. Figure 10 represents the mean decision accuracy scores for with and
without the DSS graphically.
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Figure 10: Mean decision accuracy scores for with and without MBOS DSS
5.2

Decision time
The two sample t-test was used to determine whether the use of the DSS to make

decisions on scene significantly reduced the time taken to formulate a decision without the
use of DSS. Confirming the hypothesis, the analysis revealed a significant difference between
the response time with and without the DSS (F(1,30) =4.8982, p=0.0346, ⌘2p = 0.1403). The
mean decision time taken without the DSS (M=4.58, SD =2.67), was higher than the mean
decision time (M=2.95, SD =1.21). The results suggest that the information presented on a
tablet significantly reduced the time taken by the users to formulate a decision. Figure 11
represents the mean decision time taken by the users to perform the task with and without
the DSS graphically.
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Figure 11: Mean decision time for with and without MBOS DSS
5.3

System usability
The System Usability Scale (SUS) is a simple scale to measure the usability of a

system (Brooke, 1996). The SUS questionnaire is provided in Appendix V. It consists
of ten different statements on the usability of the tool, and each question consists of five
response options; from Strongly agree (5) to Strongly disagree (1). The post-testing SUS
survey showed that a mean score of 71.6 was obtained for the DSS. According to Bangor
et al. (2009), the system stands above the average SUS score of 68 and it suggests that the
tool is performing well. Figure 12 provides the distribution of individual participant’s mean
SUS score.
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Figure 12: Mean of overall SUS score is 71.6. The figure shows the distribution of
participant’s individual SUS score

Figure 13: Mean of overall NASA-TLX score is 46.19. The figure shows the distribution
of participant’s perceived mental workload using the MBOS system
5.4

Perceived mental workload
The NASA Task Load Index (TLX) is a method to estimate the mental workload that

the participant experience using the system (Hart, 1986). The rating sheet is provided
in Appendix IV. This is a post-test questionnaire given to the participants to assess the
workload perceived by the users who used the DSS. The total workload is measured from
the individual score obtained for six different subscales, namely: Mental Demand, Physical
Demand, Temporal Demand, Performance, Effort, and Frustration. Each subscale was rated
28

on a scale of 0 to 100 with 5-point steps. The mean observed workload for the DSS was
46.19. The participant’s perceived mental workload using the DSS showed a moderate task
load. Figure 13 provides the distribution of individual participant’s workload.
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6
6.1

DISCUSSION

Discussion
The evaluation aimed to investigate the impact of an Ontology-based Decision Support

System (DSS) on the Incident Commanders’ (ICs’) decision quality, in two different
chemical disaster scenarios. Both the scenarios involved the identification of the presence
of an unknown chemical. Participants compared the use of the DSS with the use of the
shipping papers (MSDS) alone to manage the disaster situations. The use of the DSS with
the MSDS differed in the type of information presentation and time taken to process the
information that was available to make decisions. As hypothesized, significant differences
were found in the measure of decision accuracy. The results indicated that in emergency
response situations, the use of a DSS which presents minimal but essential information to the
decision makers based on the current incident updates improved the quality of the decisions
made by the ICs’. More than 80 percent of the participants correctly identified the presence
of an unknown chemical involved in both the chemical disaster scenarios and earned a
higher accuracy score in questions involving preparedness for chemical disaster situations.
The increased accuracy also suggests an improved awareness of the situation. An enhanced
understanding of the situation of what is happening and what must happen next is vital for
incidents dealing with chemicals. In case of dynamic conditions, if the levels of situational
awareness are high, it is easier to comprehend the situation and anticipate what happens next.
Therefore, increased situational awareness is crucial to managing risk critical scenarios. By
giving the right information at the right time using the ontology in the background as
a knowledge base, the personnel experienced fewer demands on working memory and
consistently made more accurate decisions. With the relevant information presented at
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the right time, the commander could easily assimilate the information presented, which
in turn made them understand the situation entirely. The results from the SUS indicated
that it is a good interface and suggests that the tablet-based interactive interface offers more
considerable support in the commanders’ decision making. The average response time taken
by the first-responders to make decisions on the scenario using the DSS was significantly
higher lesser the average time taken by their counterparts without the DSS. In combination
with decision accuracy, these results suggests that, the system can improve the quality of
decisions.
6.2

Future directions for experimental setup
Decision time, in this context, measured the time taken by the participant to answer the

domain questions. The time was measured using a stop watch. While this could give us the
total time taken to make a decision, a time-constraint could be introduced and participants
can be made to answer the questions within the given time interval. Doing so can simulate
a time-critical scenario.
6.3

Future work
The application can be integrated with an Ontology Design Pattern (ODP) that covers

a wider range of concepts in the domain, thereby enabling it to be capable of offering
support to several types of disaster situations. Using Natural Language Processing (NLP)
techniques, the domain ontology can be made to automatically extract data from the existing
data sources or forms used in the ICS domain. With an increasing number of smart phone
users and with the additional facility of communication, the application can be made
responsive across the mobile platforms.
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7
7.1

IMPLICATIONS

Research implications
Previous research using DSS indicated that systems should be flexible to deal with the

uncertainty of the emergency situations and provide the first-responders with appropriate
information to enhance decision-making. Besides these, the present research also compared
the efficiency of the tool regarding accuracy and decision time among firefighters of varying
levels of experience.
Making interactions visible and understandable to decision makers
Demonstration of effectiveness of information presentation and transparency in situations
where decision support systems can support and enhance human decision-making.
The study investigated the suitability of the information presentation supporting
decision making in disaster scenarios. The results revealed that the pattern of information
presentation proved evident in improving the quality of decision outcomes by the ICS
personnel at a moderate workload. Results suggest that the tool could play a vital role in
encouraging the less experienced personnel to make a quality decision. The system also
enables the user to access information quickly when needed. The decision time using the
tool was significantly better than the time taken without the tool.
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Extracting existence and character of invisible interactions from observation/data
Development of ontology design patterns to allow effective reasoning during crisis situations
The situations confronted by the ICs are not the same always, such that it is important
to build a system that can infer new information from the available information which in
turn can support the commanders in their risk analysis. The tool can be made to cover a
wider range of situations within emergency response domains with a modified ontology
design pattern. The system can also be efficient in other domains such as clinical decision
making, where the system could be employed to cover standard conditions and where time
does not play a crucial role.
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I

SIMULATED DISASTER SCENARIO
Table 2: Simulated Disaster Scenario

Scenario1: A truck delivering a shipment of sodium borohydride (used as a bleaching
agent for wood pulp and in the dyeing industry) to the Wausau paper mill in Middletown,
OH runs into a patch of bad weather (heavy rain) on State Route 73 (N Verity Parkway).
At the same time, an unmarked police car is transporting a chemical confiscated from the
pilot of a small plane at the Middletown Regional Airport (who was acting belligerently
towards the ground crew) to a police lab for testing. Both vehicles reach the stretch
of road alongside Twin Creek (which feeds into the Middletown Reservoir)1 when an
intoxicated driver leaving Billy T’s pub turns very slowly onto the parkway, just in front
of the vehicles. All three vehicles collide, and the truck carrying the sodium borohydride
overturns, resulting in a spill of the grayish-white powder onto the parkway.
Offices from the nearby Middletown Police Department are the first to respond. When
they arrive, a group of four bystanders have already moved the driver of the truck and the
driver and passenger of the unmarked police car to the side of the road. The intoxicated
driver ran away on foot after the accident. The container confiscated from the pilot is lying
broken on the floor inside the unmarked police car. It contains a course white salt (ricin),
but it goes unnoticed by the responding officers and bystanders for the time being. The
responding officers call in to the dispatch operator to request EMT support.
The truck driver has a broken leg and numerous cuts and bruises. He was lying in the
spilled sodium borohydride (which has dissolved somewhat in the cold rain) and his skin
is red. It is beginning to blister. The two bystanders who moved him to the side of the road
have red hands that are beginning to exhibit mild scaling (the truck driver tried to warn
them about the danger of his cargo, but they did not listen). The driver and passenger of
the unmarked police car are both unconscious. They have numerous cuts and bruises and
patches of their skin are red and blistered, particularly around their cuts. Additionally, they
appear to be having difficulty breathing, and their eyes and lips are swollen with edema.
The bystanders who moved these individuals to the side of the road are not exhibiting any
symptoms.
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Table 2 - continued from previous page
The truck driver warns the EMTs who are treating him about the sodium borohydride.
One of the EMTs relays this warning to the officer in charge on the scene. The substance
from the unmarked police car continues to go unnoticed. A second pair of police officers
is ordered to further investigate the single engine plane flown by the belligerent pilot at
Middletown Regional Airport. As they are leaving the police
Scenario2:As US 35 leaves the City of Dayton and into Beavercreek, it changes from a
limited access highway to a congested, 4-lane divided commercial thoroughfare lined with
car dealerships, light industry, and retail businesses.
On a cold March Saturday, with heavy traffic in both directions, a large 4X4 pickup truck
careens out of Orchard Lane and tries to navigate a hard-right turn onto eastbound US 35
at a high rate of speed. The roadway was wet from an earlier rain and the driver quickly
loses control of his vehicle. He crashes into a mini-van full of children that was turning
left into Orchard lane, heading to a soccer tournament being held at the nearby Ankeny
Soccer Complex. After striking the mini-van the pickup truck goes airborne and lands
on its side on top of a small car. The ensuing chain reaction results in two additional
crashes; one involving an SUV heading westbound travelling at 58 mph that strikes an
eastbound car that entered the westbound lanes while attempting to avoid the original
collision. Likewise, a car heading eastbound had stopped only to be rear-ended by another
SUV. A total of 7 vehicles are involved in this incident.
Greene County dispatch is inundated with calls reporting the accident. They dispatch
Beavercreek Fire Department, Beavercreek Police Department, and the Greene County
Sherriff’s Department.
Bystanders from the gas station at the intersection rush over and can render some aid. Two
bystanders could climb into the pickup truck and hold direct pressure on a serious bleeding
wound of the unconscious driver. Others assist some walking wounded to the side of the
road. The first unit on the scene is a Beavercreek engine. They observe the following:
• One unconscious male in the pickup truck with two bystanders rendering aid. The truck
is not stable as it is resting on the small car.
• Two occupants in the small car under the pickup truck
• Five occupants in the mini-van. The front seat passengers likely deceased.
• Four injured at the side of the road. One is writhing in pain while holding his leg.
• One victim trapped in the small car under the pickup.
• Two patients in Car 3, one unconscious.
• One patient in Car 2, conscious but lightly trapped
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Table 2 - continued from previous page
As initial actions are taken it starts to rain very hard. The weather service reports
thunderstorms in the area.
The two Good Samaritans who were in the pickup is assisted down by firefighters and
are led to the side of the road for later police witness interviews. They are then escorted
by police to a nearby cruiser where they both sit in the car for questioning by a police
officer. They both start complaining of muscle aches and cramping from being in awkward
positions up in the pickup truck. The pickup truck is stabilized and the driver is packaged
and removed. Triage reveals the following:
• (3) deceased (mini-van and small car)
• (5) immediate
• (4) delayed
• (4) minimal
Three firefighters are now complaining of severe muscle cramps and difficulty breathing.
They are transported to Soin Medical Center as a precaution. During transport, one of the
two firefighters convulses. Attempts to intubate to protect the airway are thwarted by jaw
clenching.
It continues to rain very hard.
A police officer at the scene notices white powder residue inside the pickup truck and
reports this to her on-scene supervisor who calls for an evidence team.
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II

QUESTIONNAIRE

Phase 1: A truck delivering a shipment (used as a bleaching agent for wood pulp and
in the dyeing industry) to the Wausau paper mill in Middletown, OH runs into a patch of
bad weather (heavy rain) on State Route 73 (N Verity Parkway). At the same time, a police
car from the pilot of a small plane at the Middletown Regional Airport (who was acting
belligerently towards the ground crew) is transporting a container to a police lab. Both
vehicles reach the stretch of road alongside Twin Creek (which feeds into the Middletown
Reservoir) when an intoxicated driver leaving Billy T’s pub turns very slowly onto the
parkway, just in front of the vehicles. All three vehicles collide, and the truck carrying
the shipment overturns, resulting in a spill of the grayish-white powder onto the parkway.
Offices from the nearby Middletown Police Department are the first to respond. When they
arrive, two of four bystanders have already moved the driver of the truck and the other two
bystanders moved the driver and passenger of the police car to the side of the road. The
intoxicated driver ran away on foot after the accident. The container confiscated from the
pilot is lying broken on the floor inside the police car.
Q1 Rate the perception of risk level you see in this incident
0
risky)

(Not

10
1

2

3

4

5

6

7

8

9

(Extremely
risky)
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Q2 How important are the below teams to manage this incident
0

10

(Not

1

2

3

4

5

6

7

8

9

risky)

(Extremely
risky)

EMS
Dispatch
Law
enforcement
Hazmat
DOT
Q3 How important is the use of PPE for this incident
0 (Not at all
imp)

10
1

2

3

4

5

6

7

8

9

(Extremely
important)

Q4 How important are Splash goggles and Self-contained breathing apparatus to this
incident?
0 (Not at all
likely)

10
1

2

3

4

5

6

7

8

9

(Extremely
likely)
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Q5 What is the likelihood that the victims are exposed to the below health effects
0

10

(Not
at all

1

2

3

4

5

6

7

8

9

(Extremely
likely)

likely)
Cuts
Bruises
Blisters
Edema
Red skin
Wheezing

Q6 What’s the level of risk the bystanders experience at this phase of incident?
0
risky)

(Not

10
1

2

3

4

5

6

7

8

9

(Extremely
risky)

Q7 Rate the following people according to the level of risk they experience
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0
(Not
at all

10
1

2

3

4

5

6

7

8

9

(Extremely
risky)

risky)
Truck
driver
Car driver
Car
passenger
Intoxicated
driver
Bystanders
First
responders

Phase 2: The truck driver warns the EMTs who are treating him about the sodium
borohydride. The truck driver has a broken leg and numerous cuts and bruises. He was
lying in the spilled sodium-borohydride (which has dissolved somewhat in the cold rain)
and his skin is red. It is beginning to blister. The two bystanders who moved him to the
side of the road have red hands that are beginning to exhibit mild scaling. The driver and
passenger of the police car are both unconscious. They have numerous cuts and bruises and
patches of their skin are red and blistered, particularly around their cuts. Additionally, they
appear to be having difficulty breathing, and their eyes and lips are swollen with edema.
The bystanders who moved these individuals to the side of the road are not exhibiting any
symptoms.
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Q8 Rate the perception of incident risk level you see at this phase
0

10

(Not

1

risky)

2

3

4

5

6

7

8

9

(Extremely
risky)

Q9 How important are the below symptoms on the incident ground
0 (Not
at

10

all

1

2

3

4

5

6

7

8

9

imp)

(Extremely
important)

Cuts
Bruises
Blisters
Edema
Red skin
Wheezing
Q10 What’s the level of risk the bystanders experience at this phase of incident?
0 (Not at all
risky)

10
1

2

3

4

5

6

7

8

9

(Extremely
risky)

Q11 Rate the following people according to the level of risk at this phase
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0

10

(Not
at all

1

2

3

4

5

6

7

8

9

(Extremely
risky)

risky)
Truck
driver
Car driver
Car
passenger
Intoxicated
driver
Bystanders
First
responders

Q12 How important is Self-contained breathing apparatus at this phase
0 (Not at all
important)

10
1

2

3

4

5

6

7

8

9

(Extremely
important)

Q13 What’s the likelihood that an unidentified toxic chemical is present in the scenario
0 (Not at all
likely)

10
1

2

3

4

5

6

7

8

9

(Extremely
likely)
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Q14 Match the following health effects with the corresponding hazard that could have
caused it
Vehicular accident

Sodium borohydride

Cuts
Bruises
Red skin
Blisters
Pulmonary Edema
Scaling
Breathing Difficulty
Swollen lips
Phase 3: The intoxicated driver who fled the scene is found deceased at a location near
the route of the officers to the airport. His body exhibits numerous symptoms, including
edema.
Q15 In this phase what’s the likelihood that an unidentified toxic chemical is present
0 (Not at all
likely)

10
1

2

3

4

5

6

7

8

9

(Extremely
likely)
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III

MATERIAL SAFETY DATA SHEET

Figure 14: Material Safety Data Sheet of Sodium Borohydride
Retrived from http://www.sciencelab.com/msds.php?msdsId=9924969
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IV

NASA-TLX SURVEY

Figure 15: NASA-TLX rating sheet

Retrieved from https://humansystems.arc.nasa.gov/groups/tlx/downloads/TLXScale.pdf
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V

SYSTEM USABILITY SCALE SURVEY

Figure 16: System Usability Scale

Retrieved from http://uxpajournal.org/wp-content/uploads/pdf/JUS_Bangor_May2009.pdf
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VI

DETAILED STATISTICAL ANALYSIS

Decision Accuracy: Decision Accuracy without DSS , Decision Accuracy with DSS.
(p=0.0027) which confirms the alternate hypothesis that accuracy with and without
the system are not equal. Decision Accuracy Without tool < Decision Accuracy With
Tool(p=0.0013) (Figure 18). The connecting letters report in Figure 19 shows that the
two levels are not connected by same letter and therefore it can be concluded that the two
levels are statistically different. This confirms the alternate hypothesis that users’ decision
accuracy with the decision support system is significantly higher than the users’ accuracy
without the decision support system. Figure 17 provides the overall mean and standard
deviations of participant’s decision accuracy with and without the use of DSS.

Figure 17: Summary of factor effects on decision accuracy. Distribution of decision
accuracy show that accuracy with DSS appears higher than the level without DSS. With
and Without DSS denotes the use of MBOS DSS and use of MSDS respectively
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Figure 18: Compare two population means using paired t-test. There is a significant
difference between with and without the MBOS DSS

Figure 19: Connecting letters report for decision accuracy analysis. Two levels of
independent variables indicate that the levels are not connected by same letter and are
significantly different
Decision Time: Decision Time without DSS , Decision Time with DSS. (p value 0.0346)
which confirms the alternate hypothesis that decision time with and without are significantly
different. Decision Time With tool < Decision Time Without tool (p value 0.0173) (Figure
21). The connecting letters report in Figure 22 shows that the two levels are not connected
by same letter and therefore it can be concluded that the two levels are statistically different.
This confirms the alternate hypothesis that the users with the decision support system
performs faster over the users without the decision support system. Figure 20 provides the
overall mean and standard deviations of participant’s decision accuracy with and without
the use of DSS.
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Figure 20: Summary of the factor effects on decision time. Distribution of decision time
show that decision time without DSS appears higher than the level with DSS. With and
Without DSS denotes the use of MBOS DSS and use of MSDS respectively

Figure 21: Compare two population means using paired t-test. There is a significant
difference between with and without the MBOS DSS

Figure 22: Connecting letters report for decision time analysis. Two levels of independent
variables indicate that the levels are not connected by same letter and are significantly
different
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